Mechanisms for the Breakdown of Halomethanes through Reactions with Ground-State Cyano
Introduction
Halocarbons have been widely used as refrigerants, aerosol propellants, foam blowing agents, and chemical solvents because they are chemically stable, nonflammable, and relatively nontoxic. Many halocarbons, such as chlorofluorocarbons (CFCs), are relatively inert to reactions with the dominant atmospheric radical, the hydroxyl (OH) radical, and have accumulated in the stratosphere. The main sink for their destruction in the stratosphere is by photolysis, a process that releases halogen atoms, which catalyse the breakdown of stratospheric ozone. [1] For this reason, production of halocarbons has been reduced in accordance with the London amendment of the Montreal Protocol. However, there remain large amounts of chlorofluorocarbons in the atmosphere and a massive stockpile on the Earth's surface. [2] As a consequence there is considerable interest in processes that break down these materials. [3] To initiate the breakdown process typically requires high temperatures or high-energy photons. Despite being inert to OH radicals, CFCs can react with other radicals. [4] The initial reactions in turn create a number of secondary radical species that undergo further reactions. Accurate models of CFC stability thus require an understanding of reaction pathways for many different atmospheric and combustion radicals.
A promising tool to address this problem is the Artificial Force Induced Reaction (AFIR) algorithm. [5] This is a new computational algorithm that automatically locates stationary points of a bimolecular reaction without requiring any assumptions about the mechanism. With a stepwise application of the algorithm, complete reaction pathways can be calculated, and all possible products can be identified. In previous applications of AFIR on other systems, a large number of pathways were found that had not been considered in manual explorations of the potential energy surfaces. [5] [6] To explore how this approach can be used to analyse reactions between haloalkanes and radicals, the AFIR algorithm based on accurate Gaussian-4 (G4) theory, [7] has been applied to the reactions between ground state ( 2 Σ + ) cyano radicals (CN) and four different halomethanes (CH3Cl, CF3Cl, CH3Br, and CF3Br). Chloromethane, CH3Cl, is the most abundant organohalogen in the atmosphere and large amounts are produced by photoreactions between chlorine in ocean water and biomass from marine algea. [8] Bromomethane, CH3Br, has due to its ozone depletion potential been phased out as fumigant but ocean marine organisms remain an important source. These two haloalkanes are not inert as the C-H bonds can react with a number of atmospheric species. They are included in the present study to allow for a direct comparison with experimental data and to outline reactivity trends. Chlorotrifluoromethane (CFC-13), CF3Cl, has largely been phased out, but is due to its long-term stability, still present in the atmosphere. Bromotrifluoromethane, CF3Br, known as Halon 1301, was widely used in fire extinguishers, but is now also banned. In addition to their effect on the ozone layer, many halomethanes are also powerful greenhouse gases. Cyano radicals have attracted considerable interest, both in combustion and atmospheric chemistry. [9] These radicals are created from hydrogen cyanide (HCN) or acetonitrile (CH3CN) released during biomass burning, either through photodissociation or reactions with hydroxyl (OH) or oxygen atom (O) radicals. [10] The reactivity of cyano radicals has been extensively analysed, mainly in systems with unsaturated carbons. [11] These reactions proceed without a barrier in the entrance channel, and often lead to hydrogen elimination, [9] e.g., in the reactions with ethene, [12] pentene, [13] and butadiene. [14] Methyl radical elimination is also observed, e.g., in the reaction with propene. [15] Reactions between cyano radicals and saturated hydrocarbons typically leads to the formation of HCN through hydrogen abstraction. [16] The reactions are barrierless in the entrance channel, except for the reaction with methane where there is a small energy barrier. [17] The mechanistic assignment is ARTICLE supported by the presence of a significant deuterium kinetic isotope effect (KIE) and by theoretical calculations.
[17b]
Despite the interest in the chemistry of cyano radicals, little is known about their interactions with haloalkanes. Compared to methane, a number of new reaction routes become available, e.g., halogen abstraction and halogen elimination through direct SN2-type reactions. In each case, either the carbon or the nitrogen of the cyano radical can react, leading to a large number of different pathways. Data from laser-induced fluorescence spectroscopy exist for one system, the gas-phase reaction between cyano radicals and chlorinated methanes. [18] For CH3Cl there is an activation energy in the entrance channel (2.2 kcal/mol) and a deuterium isotope effect of 2.3, suggesting that hydrogen abstraction is the dominant entrance channel. The reactions with CH2Cl2 and CHCl3 (chloroform) also mainly proceed through hydrogen abstraction. [19] To discriminate between the different AFIR pathways for the CX3Y + CN reactions, free-energy barriers are calculated using the G4 composite method, [7] which has an average error in barrier heights of less than 1 kcal/mol. [20] The high accuracy makes it possible to select the preferable pathway based on the relative rate constants in the entrance channels. The results also enable an analysis of how substitutions, e.g., bromine instead of chlorine, and fluorine instead of hydrogen, affect the relative stabilities of different halomethanes.
Results
The CX3Y + CN reactions go through up to eleven different reaction pathways, each with several minima and transition states (TS). All these stationary points are assigned a number in the AFIR algorithm, and these numbers have been kept as convenient labels. However, they do not signify any particular sequences for the reactions. Three approximations have been made in the presentation of the results. First, only mechanisms with barriers within 8 kcal/mol of the lowest calculated barrier have been considered. This energy difference corresponds to twice the estimated maximum error. Second, the molecular complex converts a major part of the reaction energy into vibrational excitations. As an example, hydrogen abstraction by cyano radicals mainly leads to vibrational excitation of the C-H bond of hydrogen cyanide. [16b, 21] Third, energy distribution between internal degrees of freedom is faster than energy dissipation. In this approximation, also transition states with relatively large energy differences compared to the preceding minima can be overcome, as long as the energy of the transition state is lower than the barrier in the entrance channel.
The CH3Cl + CN reaction is explained in detail, including the complete reaction pathways for the relevant entrance channels. The mechanisms for other haloalkanes are described with reference to the CH3Cl pathways, focusing on the effects on the energies when substituting chlorine for bromine and hydrogen for fluorine.
CH3Cl + CN
Starting from the separated CH3Cl and CN fragments, geometry optimization gives three local minima on the electronic energy surface, see Figure 1 . The difference between these structures is the relative orientation of the two fragments. However, they are not stable species as the significant loss of entropy (~10 kcal/mol) when a molecular complex is formed from two separate fragments leads to positive free energies for all three. From these three reactant complexes, eight different pathways have been located, see Figure 1 . The geometries and relative energies of the transition states in the entrance channels are shown in Figure 2 . The lowest free-energy barrier, 6.9 kcal/mol, is obtained for hydrogen abstraction by the cyano carbon (TS8), followed by 12.2 kcal/mol for chlorine abstraction by the cyano carbon (TS3). The corresponding reactions with the cyano nitrogen instead of the carbon have higher barriers, 15.0 kcal/mol for hydrogen abstraction (TS0) and 36.9 kcal/mol for chlorine abstraction (TS1). Two SN2 transition states with a chlorine radical as the leaving group are also located, one with carbon as the nucleophile (TS17 at 23.1 kcal/mol), and one with nitrogen (TS23 at 36.7 kcal/mol). To complete the list of different pathways, there are two transition states with hydrogen as the leaving group, one for carbon attack (TS4 at 42.6 kcal/mol) and one for nitrogen attack (TS2 at 58.7 kcal/mol). TS structures for the entrance channels of the CH3Cl + CN system with distances in Å. TS 0, TS3 and TS8 are optimized using QCISD/GTBas3, while the other TS structures are optimized using B3LYP/GTBas3. Free-energy barriers (in kcal/mol) are calculated using the G4 method. The corresponding values for CH3Br + CN are shown after the forward slash.
Due to the large differences in barrier heights, only the two pathways with the lowest transition state barriers, hydrogen and chlorine abstraction by the cyano carbon, require a more detailed description. The TS for hydrogen abstraction by the cyano carbon (TS8 -green path in Figure 1 ) is almost collinear with an angle of 178°, similar to what has been suggested for hydrogen abstraction from chloroform (CHCl3). [19b] Hydrogen abstraction leads to formation of hydrogen cyanide and a chloromethyl radical (CH2Cl) (Min20). This CH2Cl + HCN intermediate shows a typical halogen bonding pattern with the hydrogen perpendicular to the C-Cl bond. [22] These two fragments can then either dissociate (Product 3 at -29.5 kcal/mol) or combine to form the CH2ClCHN radical (Min24 at -31.5 kcal/mol), see Figure 1 . From CH2ClCHN there are two pathways, but both of them have exceedingly high barriers. Breaking the C-Cl bond (TS33) has a barrier of 36.3 kcal/mol, while the second pathway eventually leads to the same TS as in the direct SN2 reaction (TS17), which has a barrier of 23.1 kcal/mol. The hydrogen abstraction pathway thus does not proceed past the CH2ClCHN intermediate. Chlorine abstraction by carbon (TS3 -red path in Figure 1 ) leads to formation of a methyl radical (CH3) and cyanogen chloride (ClCN) (Min14). These fragments can either dissociate (Product 4 at -19.0 kcal/mol), or the methyl group can, after some rearrangement, attack the carbon of the cyanogen chloride (TS9 at -3.0 kcal/mol) giving methyl cyanogen chloride (CH3CClN) (Min17). From this intermediate the C-Cl bond breaks (TS5 at -28.9 kcal/mol), leading to acetonitrile and chlorine radical (Min11). They either dissociate (Product 1 at -37.4 kcal/mol) or react through hydrogen abstraction (TS11 at -27.7 kcal/mol) to form the stable cyanomethyl radical (CH2CN) and hydrogen chloride (HCl) product (Product 2 at -45.9 kcal/mol).
CH3Br + CN
Substituting chlorine for bromine is not expected to have any major effects on the reaction pathways. The stationary points of the bromomethane system, see Figure S1 in the Supporting Information, were therefore located starting from the stationary points of the chloromethane system. In almost all cases, similar stationary points could be located, although with important differences in relative energies.
Optimization leads to the same three reactant complexes as in CH3Cl. The main difference is that one of the complexes, (Min4) has a negative free energy (-0.3 kcal/mol) and could possibly be a metastable species. From these minima, eight different TS have been located, just as for chloromethane. The barrier heights are given in Figure 2 and the TS structures are given in Figure S2 . Hydrogen abstraction by the carbon of the cyano radical (TS8) has a barrier of only 4.9 kcal/mol, 2 kcal/mol lower than the corresponding barrier for CH3Cl. As expected, the effect substitution effect is larger for halogen abstraction with a barrier of 5.0 kcal/mol for bromine, a decrease of 7.2 kcal/mol compared to chlorine. The direct SN2 reactions are also facilitated by Br substitution, but they are still higher than the abstraction reactions by more than 12 kcal/mol. In all cases, reactions with the cyano nitrogen have higher barriers, and hydrogen elimination reactions remain high in energy (>36 kcal/mol).
The two pathways with the lowest barriers in the entrance channel are the same in bromomethane and chloromethane, hydrogen (TS8) and halogen (TS3) abstraction by the cyano carbon. Hydrogen abstraction (green path in Figure S1 ) leads to a similar pathway as in the CH3Cl system, with formation of HCN and a bromomethyl radical (CH2Br) (Min20), which can either dissociate (Product 3 at -27.6 kcal/mol) or combine to form the CH2BrCHN radical (Min24 at -31.6 kcal/mol). From CH2BrCHN there are no low-barrier pathways, with TS energies of 25.4 kcal/mol and 17.3 kcal/mol for the reactions leading to bromine or hydrogen bromide products.
An important difference between CH3Cl and CH3Br is that the barrier for bromine abstraction (5.0 kcal/mol) is similar to the barrier for hydrogen abstraction (4.9 kcal/mol). This pathway (red path in Figure S1 ) initially leads to formation of a methyl radical and cyanogen bromide (BrCN) (Min 14). This complex can then dissociate (Product 4 at -20.5 kcal/mol) or form a C-C bond (TS9) and make methyl cyanogen bromide CH3CBrN (Min17). From here there is a low barrier to reach the acetonitrile and bromine radical product (Product 1 at -50.6 kcal/mol).
CF3Cl + CN
For CH3Cl the lowest TS barrier was obtained for hydrogen abstraction by the cyano carbon. In chlorotrifluoromethane (CF3Cl), the corresponding fluorine abstraction pathways are blocked due to the inert C-F bonds. As this significantly changes the possible reaction pathways, a separate AFIR exploration was performed for CF3Cl + CN. Reaction pathways with high barriers in the entrance channel were not pursued further, and the potential energy diagram for the CF3Cl system, see Figure 3 , therefore has fewer stationary points than the corresponding diagram for CH3Cl + CN. A comparison between the potential energy surfaces of CH3Cl and CF3Cl shows significant differences, especially with regard to the barrier heights. Starting from the separated reactants, there are seven minima on the electronic energy surface with different positions of the cyano radical relative to CF3Cl. From these reactant complexes, twelve different transition states can be located, but most of them have exceedingly high barriers and do not represent viable reaction pathways. Six representative transition states, i.e., the lowest barriers for fluorine abstraction, chlorine abstraction and direct SN2 reactions are shown in Figure  4 . As expected, the barriers for fluorine abstraction with either carbon or nitrogen (TS2 and TS7) are very high, 52.4 and 91.0 kcal/mol respectively. Also the direct SN2 reactions with chlorine as the leaving group have high barriers, 70.7 kcal/mol with nitrogen as the nucleophile and 78.8 kcal/mol with carbon. This corresponds to significant increases in barrier heights compared to the CH3Cl reaction even though the fluorine atoms are not directly involved in the reaction. A more detailed analysis of the substitution effects on the SN2 barriers is given in the Supporting Information. The high barriers for these reaction pathways leave only one possibility, direct chlorine abstraction. The lowest barrier (16.0 kcal/mol) is obtained for the reaction with the cyano carbon (TS1), while the reaction with the cyano nitrogen (TS0) has significantly higher barrier (39.5 kcal/mol). Chlorine abstraction by the cyano carbon (red path in Figure 3) gives a similar pathway as for CH3Cl, this time leading to a trifluoromethyl radical (CF3) and ClCN complex (Min0). This complex can either dissociate (Product 2), or go through C-C bond formation (TS51 at -2.4 kcal/mol) to form CF3CClN (Min52 at -30.3 kcal/mol). From here, breaking the C-Cl bond would give trifluoroacetonitrile (CF3CN) and a chlorine radical (Product 1 at -24.6 kcal/mol), but the separated products are 5.7 kcal/mol less stable than CF3CClN and the reaction does not proceed further. This is different from the CH3Cl system where the energy decreases by formation of the chlorine radical, and even lower energy could be obtained by the formation of hydrogen chloride.
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CF3Br + CN
The reaction pathways for the CF3Br system are expected to be similar to those of the CF3Cl system, and stationary points of the CF3Br + CN reaction, see Figure S3 , were therefore optimized starting from the corresponding points of the chlorine system. Selected free-energy barriers in the entrance channel are given in Figure 4 and TS structures are given in Figure S4 . As both fluorine abstraction and SN2 reactions have very high barriers, the only viable pathways are bromine abstraction. As for the other systems, the barrier is much lower for a reaction with the cyano carbon (TS1 at 6.8 kcal/mol) compared to a reaction with the cyano nitrogen (TS0 at 26.7 kcal/mol), see Figure 4 . The major difference between CF3Cl and CF3Br is that the reaction barrier for halogen abstraction is significantly lower (by 9.2 kcal/mol) for the latter system. The bromine-containing system is therefore much more reactive. In addition to TS1, there are other pathways for bromine abstraction by the cyano carbon, leading to different orientations of the CF3 + BrCN intermediates, but they have relatively high barriers (21-50 kcal/mol) and should not be contributing to the reactivity.
Bromine abstraction leads to a similar pathway as in CF3Cl. The first step is formation of cyanogen bromide (BrCN) and a trifluoromethyl radical (Min0), from which the two alternatives are dissociation (Product 2 at -21.6 kcal/mol) or formation of a CF3CNBr intermediate (Min52 at -33.9 kcal/mol). From this intermediate, the C-Br bond easily breaks (TS52 at -27.2 kcal/mol), leading to the stable CF3CN + Br product (-40.7 kcal/mol).
Discussion
The AFIR algorithm shows the considerable complexity of the reactions between haloalkanes and cyano radicals. Fortunately, some of that complexity can be resolved from the reaction barriers in the different entrance channels. Important observations are that direct SN2 reactions are not favourable and that cyano nitrogen attack is less favourable than carbon attack. The main reaction pathways are therefore hydrogen and halogen abstraction by the cyano carbon. These observations can be explained by the electronic structure of the cyano radical.
All calculations have been made with the cyano radical in the 2 Σ + ground state. The 2 Π and 2 Σ + excited states are formed by radiation with shorter wavelength, [23] and appear at higher levels of the atmosphere. In the ground state the lowest unoccupied molecular orbital (LUMO) for the β electrons is a σg bonding orbital of a1 symmetry with dominant carbon character, see Figure 5 . This orbital is the third of a set of four σ orbitals with contributions from the C and N 2s, 2pz orbitals, see Figure S5 . The carbon atomic orbitals are higher in energy than those of nitrogen, and could be expected to contribute more to antibonding than bonding orbitals. However, because nitrogen mainly contributes to the two lowest orbitals of σ symmetry the two higher-energy orbitals σ orbital are carbon centered. With CCSD the Mulliken spin population of carbon is 0.91, in agreement with the Lewis structure, and carbon carries a partial positive charge (0.22). The calculated dipole moment is 1.56 D, slightly larger than the experimental value of 1.45±0.08 D. [24] To test the effect of static correlation, the properties of the CN ground state were also calculated using complete active space self-consistent field (CASSCF) with nine electrons in eight valence orbitals, see Figure S5 . The active natural orbital with occupation number close to one has 92 % carbon contribution. This gives a Mulliken spin population for carbon of 0.91, in good agreement with the CCSD results. SN2 reactions with cyanide anions as nucleophiles and chloride or bromide as leaving groups are expected to proceed with low barriers. The high barriers for the direct SN2 reactions with cyano radicals are explained by the fact that the cyano radical, in contrast to the cyanide anion, is a very poor nucleophile. This is due to the hole in the low-lying σ orbital, which leads to a very high electron affinity.
The higher reactivity of the cyano carbon compared to the cyano nitrogen can be attributed to the predominant carbon character of the β LUMO, and that nitrogen attack products, e.g., isocyanide, are less stable than those formed after carbon attack, e.g., hydrogen cyanide. This is consistent with observations that isocyanide is not formed in reactions with cyano radicals.
[16a] The dipole moment of the cyano radical leads to electrostatic effects that can favour either carbon or nitrogen depending on the charge distribution of the substrate. However, these effects do not lead to a lower barrier for nitrogen attack for any of the abstraction reactions.
In all systems the low-barrier pathways are either hydrogen or halogen abstraction by the cyano carbon, see Scheme 1. The different contributions to the free-energy barriers (ΔG ‡ ) of these reactions are analysed in Table 1 . The loss of translational entropy when combining two species leads to large entropy contributions (-TΔS ‡ ) to the barrier height (7.5-8.4 kcal/mol), but the effects are similar for all reactions. One consequence is that conclusions drawn about differences in reactivity from free-energy values calculated at 298.15 K should be valid over a wide temperature range. The enthalpy corrections (ΔH ‡ corr), dominated by contributions from the zero-point energy, lower the barriers for hydrogen abstraction by 2-3 kcal/mol for all systems but have relatively small effects on halogen abstraction. The major differences between the barrier heights after substitution thus come from differences in electronic energy (ΔE ‡ el).
Scheme 1. Summary of preferred reaction mechanisms, barrier heights (in kcal/mol) and possible products for the reactions between halomethanes CX3Y (X= H,F; Y=Cl,Br) and cyano radicals. Hydrogen and halogen abstraction, i.e., formation of new H-C or Cl-C σ-bonds, occur by attack of the CN β LUMO on the highest CX3Y occupied orbital of a1 symmetry, a bonding orbital between both C-X and C-Y, see Figure 5 . This is not the highest occupied molecular orbital (HOMO), but HOMO-2, lower in energy than the two halogen (Cl,Br) px,y orbitals of e symmetry, see Figure S6 . Calculations of polarizability and Fukui index for radical attack therefore primarily show the properties of these orbitals, instead of those involved in the abstraction reactions.
For CH3Cl + CN the lowest barrier (6.9 kcal/mol) is observed for hydrogen abstraction by the cyano carbon and the secondorder rate constant (k) is 7.3×10 7 s 1 M -1 . The activation energy calculated relative to the separated reactants is 1.2 kcal/mol and the corresponding value compared to the preceding reactant complex (Min4) is 2.5 kcal/mol, which should be compared to an experimental activation energy of 2.2 kcal/mol. [18] The deuterium KIE for hydrogen abstraction is calculated to be 5.8, a large discrepancy compared to the experimental value of 2.3, but this can probably be attributed to difficulties of calculating the KIE of an entropy-dominated barrier by standard TST, as previously shown for CH4 + CN.
[17b] The barrier for chlorine abstraction (12.2 kcal/mol) is also relatively low, but the 5.3 kcal/mol difference suggests that hydrogen abstraction should be the dominant pathway. This assignment is in good agreement with other studies of chloromethanes, both in solvent and gas phase. [18] [19] In CF3Cl there is a clear preference for chlorine abstraction, but the barrier is relatively high, 16.0 kcal/mol, giving a rate constant of 14 s 1 M -1 . The lower rate constant is partly due to a 3.8-kcal/mol increase in the free-energy barrier compared to chlorine abstraction in CH3Cl (3.7 kcal/mol in electronic energy).
In valence bond theory, lower reactivity towards radical abstraction is rationalized using three factors, a higher energy gap in the reactant, directly proportional to the bond dissociation energy (BDE), a less favourable reaction energy (ΔG), and a smaller resonance energy in the TS. [25] The first two of these factors are listed in Table 1 . Fluorine substitution increases the C-Cl bond strength by 4 kcal/mol and decreases the exothermicity by 2 kcal/mol, see Table 1 . The TS resonance energy depends on the overlap between the reactant and product wavefunctions. In CH3Cl the major contributions to the frontier orbital come from C 2pz (31%) and Cl 3pz (56%), with only minor contributions (<5%) from other components, see Table 2 . In the fluorinated system, the fluorine 2p orbitals contribute strongly to the frontier orbital (33%). These contributions lower the orbital energy, see Table 2 , which decreases its electron donor capability. At the same time, the Cl contribution decreases from 56 to 43%, which decreases the overlap with the CN β LUMO during the Cl abstraction reaction, and therefore the resonance energy. 
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The relative barrier heights could also be affected by electrostatic interactions. In CH3Cl the chlorine atom has a partial charge of -0.12, see Table 3 , and this negative charge is expected to lower the barrier for attack by the positive carbon of the cyanide radical. In CF3Cl the high electron affinity of fluorine changes the chlorine charge to -0.04, which makes carbon attack electrostatically less favourable. The barrier for attack by the negative nitrogen should be favoured by the same change in partial charges, but this barrier increases by 2.5 kcal/mol with fluorine substitution. The electrostatic effect can therefore only be a minor contribution to the changes in barrier heights in CF3Cl compared to CH3Cl. Substituting chlorine for bromine leads to significantly lower barriers. As an example, direct halogen abstraction decreases from 12.2 kcal/mol in CH3Cl to 5.0 kcal/mol in CH3Br, making it competitive with hydrogen abstraction (4.9 kcal/mol). This is consistent with observations for halomethanes and oxygen radical anions, where reactions with bromine are competitive while chlorine reactions are not. [26] The difference in barrier height between hydrogen and halogen abstraction is not large enough to discriminate between the two mechanisms, but the rate constant is high in any case (2.0×10 9 s 1 M -1 for hydrogen abstraction). In CF3Br, where Br abstraction is the only viable pathway, the barrier is 6.8 kcal/mol and the rate constant 6.4×10 7 s 1 M -1 .
The effect of fluorine substitution is an increase in the bromine abstraction barrier by 1.8 kcal/mol (1.5 kcal/mol in electronic energy), the same trend as for the Cl systems. Fluorination increases the strength of the C-Br bond by 6 kcal/mol because the contributions from the F 2p orbitals significant stabilize the σ-bonding orbital. At the same time, the amount of Br in the frontier orbital decreases from 52 to 42 %. Smaller overlap and larger energy difference compared to the CN LUMO leads to an increase in the barrier height. Electrostatic effects, from a change in the partial charge of Br from -0.09 to 0.00, are again expected to be small because the increase in barrier height is similar for attack by the positive carbon and the negative nitrogen, 1.8 and 1.5 kcal/mol respectively. The trends for the rate constants follow chemical intuition, but they have not been previously quantified. The reaction pathways after the initial abstraction reactions are also completely new. For all systems, the initial abstraction reaction leads to formation of two new fragments; a radical species (CH2Cl, CH2Br, CH3, or CF3) and a hydrogen or halogen cyanide. These two fragments can either dissociate to form separate products, or they can reach lower free energies by a rebound mechanism. The product distribution depends on the ratio between these two alternatives, and although this ratio cannot be calculated from the AFIR results, the detailed explorations of the potential energy surfaces form starting points for calculations of the detailed reaction dynamics.
If the reactions proceed by the rebound mechanism, which has a low barrier in all systems, it would lead to a wide variety of different products. The hydrogen abstraction pathway in both CH3Cl and CH3Br would lead to formation of a metastable CH2YCNH (Y=Cl,Br) intermediate, from which all forward reactions have prohibitively high barriers. Further reaction thus requires either photodissociation or a collision with another atmospheric molecule. The most stable products in the halogen abstraction pathways of CH3Cl and CH3Br are CH3CN + Br, and CH2CN + HCl, respectively. These product distributions directly reflect differences in thermodynamic stability between alternate products, because there are no exceedingly high barriers along the reaction pathways. Halogen abstraction from the fluorinated systems also leads to different final products. In CF3Cl the most stable product is CF3CClN, while in the CF3Br system it is thermodynamically favourable to break the C-Br bond and form CF3CN + Br.
Despite the encouraging rate constants, the rates of the direct CX3Y + CN reaction have not been established because of the lack of concentration data for CN radicals in different parts of the atmosphere. The impact of the cyano radical reaction on the stability of halomethanes could increase significantly if any product species participate in further breakdown reactions. In case the initial reaction does not proceed beyond formation of halogen or hydrogen cyanide, several mechanisms can be imagined that lead to regeneration of the cyano radical, see Figure 6 . Photodissociation of ClCN and BrCN occur from excitations into the A band, which is at 202 nm for BrCN and 178 nm for ClCN. [27] These photochemical reactions regenerate CN, which could react with a second halomethane. These wavelengths are in a close to those for photodissociation of HCN, [23] and should therefore reach similar regions of the atmosphere. The released halogen radical could then potentially react with HCN to form an additional CN radical. However, modelling shows that the Cl + HCN → HCl + CN reaction has a very low rate constant (k=10 
Conclusion
The AFIR algorithm has been used to automatically locate the stationary points of the bimolecular reactions between haloalkanes CX3Y (X=H,F Y=Cl,Br) and ground state ( 2 Σ + ) cyano radicals. Between eight and eleven pathways have been identified for each system. Many of them lead to further reactions, and the potential energy surface for e.g., CH3Cl + CN has 71 different stationary points. Parts of this complexity can be removed by discriminating between mechanisms based on the relative reaction rates in the entrance channel. In most cases the differences in barrier heights, calculated using the accurate G4 method, are much larger than the expected errors of the method, which increases the reliability of the conclusions. CF3Br. Fluorine substitution increases the carbon-halogen bond strength because the contributions from the fluorine 2p orbitals stabilize the highest occupied a1 orbital. At the same time, the Cl/Br contributions to the frontier orbital decrease. The smaller overlap and larger energy difference compared to the CN LUMO increase the energy barrier. Most of the trends for the rate constants follow chemical intuition, but the differences in rate constants have not been previously quantified. Accurate calculations of product distributions require detailed descriptions of the reaction dynamics, especially for the intermediates formed after the initial abstraction reaction, e.g., CH2Cl + HCN in the chloromethane system. Although the ratio between product dissociation and radical rebound mechanism cannot be calculated from the AFIR results, the detailed explorations of the potential energy surfaces form the bases for more detailed description of the reaction dynamics.
Independent of the rates for the reactions with cyano radicals, the results highlight the enormous potential of the AFIR method in the analysis of complex chemical reactions. In this work the method has identified a large number of mechanism for breakdown of halomethanes using cyano radicals that have not been previously, neither theoretically nor experimentally, known. These predictions can be tested e.g., using a crossed molecular beam approach, to probe the different decay rates of cyano radicals and to identify the different reaction products. The encouraging rate constants motivate future studies of other radical species.
Computational details
The stationary points of the CX3Y + CN potential energy surfaces were located using the AFIR algorithm, [5] [6] implemented in a local development version of the Global Reaction Route Mapping (GRRM) program. The AFIR method systematically explores the potential energy surface, starting from a random orientation and position of the reactant molecules. It has successfully been applied e.g., to the reaction between vinyl alcohol and formaldehyde, [5] HCo(CO)3-catalyzed hydroformylation, [6a] and the enzymatic mechanism of isopenicillin N synthase (IPNS), [6b] The method has recently been extended also to intramolecular pathways. [28] The detailed steps of the AFIR method can be found in reference [5] .
Electronic structure calculations were performed with the Gaussian09 program. [29] Geometries are optimized using the B3LYP functional and the GTBas3 basis set. This basis set is equal to 6-31g(2df,p) for H, C, N, F, and Cl, Geometries with weakly interacting fragments were re-optimized using the ultrafine grid and tight convergence criteria for geometry optimization in Gaussian09. All minima have zero imaginary frequencies, and all TS structures have a single imaginary frequency.
Relative free energies are calculated using the composite G4 method and reported compared to the separated CX3Y + CN reactants. This method employs structures optimized at B3LYP/GTBas3 level of theory, but calculates energies at the CCSD(T)/6-31G(d) level of theory with corrections for basis set incompleteness at MP4, MP2 and HF levels of theory. [7] Zero-point vibrational energy and thermal corrections to the free energy at 298.15 K are obtained from the B3LYP/GTBas3 frequencies, scaled by a factor of 0.9854. G4 is a highly accurate method with a mean unsigned difference (MUD) of 0.83 kcal/mol for the 454 entries in the G3/05 benchmark set. [7] The cyano radical is difficult to treat accurately due to a large amount of spin contamination, [30] [31]
The G4 method also performs well for reaction barriers with a MUD of 0.91 kcal/mol and a maximum error of 2.39 kcal/mol for the 38 barriers in the hydrogen transfer barriers height (HTBH) data set. [20] The errors are larger for the non-hydrogen transfer barrier height (NHTBH) data set, 1.81 kcal/mol MUD and 8.48 kcal/mol maximum deviation. The larger errors are mainly due to deficiencies in the B3LYP/GTBas3 geometries, e.g., for some fluorinecontaining systems, and significantly lower errors were obtained when using QCISD/MG3 geometries (0.47 kcal/mol MUD and 1.93 kcal/mol maximum). [20, 32] As the relative energies of the transition states in the entrance channels are critical in the present study, all pathways with barriers within 10 kcal/mol of the lowest TS, i.e., TS 0, TS 3, and TS 8 for CH3Y as well as TS 1 for CF3Y, were therefore re-optimized using QCISD/GTBas3. The reported free energies for these stationary points also include free-energy corrections from QCISD/GTBas3 instead of B3LYP/GTBas3. Although GTBas3 (double-ζ) is a smaller basis set than MG3 (triple-ζ), the maximum errors in calculated barrier heights with the modified G4 method are still expected to be around 2 kcal/mol.
To test the stability of the results, single-point energy calculations were performed for all stationary points using CCSD(T) as well as the density functionals B3LYP [33] and M06-2X, [34] in all three cases with the aug-cc-pvtz i.e., nine electrons in eight orbitals.
Second-order rate constants have been calculated with the Polyrate program, [35] using conventional transition state theory (TST) at 298.15 K with
Wigner corrections for tunnelling. Free-energy barriers (ΔG ‡ ) for the TST calculations and imaginary frequencies (νi) for the tunnelling corrections are taken from the modified G4 method. Activation energies (Ea) for the bimolecular reactions are calculated relative to the preceding reactant complex using Ea=ΔH ‡ +2RT.
Tests with canonical variational theory (CVT) and zero-curvature tunnelling (ZCT), at either M062X/GTBas3 or B3LYP/GTBas3 levels, did not affect rate constants by more than a factor of ten. However, these calculations could not be properly converged for all systems, which prevented the use of higher levels of theory. A possible error of a factor of ten for the rate constants corresponds to an uncertainty in the barrier height of 1.4 kcal/mol. With an estimated error from the electronic structure calculations around 2 kcal/mol, the errors in the effective barrier heights should be 4 kcal/mol or less. In the evaluation of substituent effects, e.g., Cl/Br substitution, similar systematic errors are made and a difference in barrier height of 1 kcal/mol for the same reaction in two different halomethanes has been considered significant.
